The yjeE, yeaZ, and ygjD genes are highly conserved in the genomes of eubacteria, and ygjD orthologs are also found throughout the Archaea and eukaryotes. In this study, we have constructed conditional expression strains for each of these genes in the model organism Escherichia coli K12. We show that each gene is essential for the viability of E. coli under laboratory growth conditions. Growth of the conditional strains under nonpermissive conditions results in dramatic changes in cell ultrastructure. Deliberate repression of the expression of yeaZ results in cells with highly condensed nucleoids, while repression of yjeE and ygjD expression results in at least a proportion of very enlarged cells with an unusual peripheral distribution of DNA. Each of the three conditional expression strains can be complemented by multicopy clones harboring the rstA gene, which encodes a two-component-system response regulator, strongly suggesting that these proteins are involved in the same essential cellular pathway. The results of bacterial two-hybrid experiments show that YeaZ can interact with both YjeE and YgjD but that YgjD is the preferred interaction partner. The results of in vitro experiments indicate that YeaZ mediates the proteolysis of YgjD, suggesting that YeaZ and YjeE act as regulators to control the activity of this protein. Our results are consistent with these proteins forming a link between DNA metabolism and cell division.
One of the major outcomes of mass genome sequencing was the discovery of an array of hitherto undescribed conserved genes encoding proteins of unknown function. In eubacteria, several different approaches, including targeted gene disruption (37, 61, 71) , genetic footprinting (19) , and lethal insertion trapping (36) , have been used to identify sets of genes essential for survival in the laboratory in rich growth media. Although the nature and exact number of essential genes is likely to vary between bacterial species, it is becoming clear that there is a core set of genes that are essential for the viability of probably most bacteria (21) , some of which are currently poorly characterized. In this work, we have examined the functions of the products of three conserved essential genes, yjeE, yeaZ, and ygjD, in Escherichia coli.
YjeE is a small (approximately 17 kDa), highly conserved protein unique to eubacteria. The elucidation of a high-resolution X-ray crystal structure of YjeE of Haemophilus influenzae, coupled with biochemical analysis of the E. coli protein, has shown that it is a typical P-loop ATPase that binds and hydrolyzes ATP, leading to speculation that it may act as a hydrolysis-driven molecular switch (3, 60) . Studies have shown that the yjeE gene is essential for the viability not only of E. coli (3, 5, 17) but probably also Salmonella enterica (36) , Fransicella novicida (18) , and Streptococcus pneumoniae (71) , although it is dispensable for the survival of Staphylococcus aureus (71) , Anabaena (68) , and Bacillus subtilis (reference 27, correcting the earlier study in reference 37). The cellular function of YjeE is not known, although loss of yjeE resulted in aberrant heterocyst development in Anabaena (68) . Based on the observation that yjeE genes are absent from the genomes of some Mycoplasma and Ureaplasma species, which lack cell walls, together with the fact that yjeE is found in an operon with a gene encoding a cell wall amidase in some gram-negative bacteria, it has been proposed that YjeE plays a role in cell wall biogenesis (60) . Recently rstA, the gene encoding the response regulator of the RstAB two-component signal transduction system, was shown to act as a multicopy suppressor of the depletion phenotype in a yjeE conditional expression strain (referred to herein as, for example, "depleted of yjeE" or "yjeE depletion strain") (10) .
YeaZ and YgjD (also known as Gcp) are sequence-related proteins, with the E. coli pair sharing 29% identity within their first 100 amino acids. yeaZ shows a distribution similar to that of yjeE, being present uniquely in eubacteria, where it is found in all eubacterial genomes sequenced to date, with the exceptions of the highly reduced genomes of the obligate endosymbionts Carsonella ruddii and Sulcia muelleri (42, 48) . The yeaZ gene has been shown or inferred to be essential for the viability of E. coli (6) , S. pneumoniae, S. aureus (71) , B. subtilis (27, 37) , F. novicida (18) , Pseudomonas aeruginosa (39) , and Mycoplasma genitalium (22) . The YeaZ proteins form a family assigned as COG1214 (http://www.ncbi.nlm.nih.gov/Structure /cdd/cddsrv.cgi?uidϭCOG1214) which is annotated as "Inactive homolog of metal-dependent proteases, putative molecular chaperone." A recent crystal structure of S. enterica serovar Typhimurium YeaZ shows that the protein is part of the HSP70 actin-like-fold (HALF) protein family and suggests the likelihood that upon domain rearrangement, the protein would bind a nucleotide (51) . Purification of an affinity-tagged version of YeaZ produced at native levels identified YgjD as a copurifying partner (9) , suggesting that these two homologous proteins form a complex in vivo.
At least one copy of the ygjD gene (COG0533) is found in the genome of every sequenced organism to date, with the exception of the highly reduced genomes of C. ruddii and S. muelleri (42, 48) . It has been shown or inferred to be essential for the viability of various eubacterial species, such as E. coli (5) , S. pneumoniae, S. aureus (61, 71) , B. subtilis (27, 37) , F. novicida (18) , P. aeruginosa (39) , and M. genitalium (22) and also for the eukaryote Saccharomyces cerevisiae (20) . Surprisingly, and in contrast to its widely essential nature, ygjD has reportedly been disrupted in the cyanobacterium Synechocystis sp. strain PCC6803, where the mutation was associated with a salt-sensitive phenotype (31, 76) .
In enteric bacteria, ygjD is often used synonymously with gcp, reflecting the fact that the YgjD ortholog from Mannheimia (formerly Pasteurella) haemolytica has been characterized as an O-sialoglycoprotein endopeptidase. M. haemolytica Gcp has been isolated from culture supernatants and shown to cleave glycoproteins, such as glycophorin A, in erythrocyte membranes (1, 2) . The protease activity was shown to require metal ions and to be specific for O-sialoglycosylated proteins (2) . The human ortholog of Gcp, termed OSGEP, has also been implicated in proteolysis, bringing about the cleavage of the misfolded nuclear receptor corepressor protein (50) . In S. cerevisiae, the ortholog of YgjD, termed Kae1 (for kinaseassociated endopeptidase 1), associates with a protein complex involved in transcription, comprising additionally a transcription factor, a kinase, and two further proteins (35) . It has also been found as a component of a separate complex, termed KEOPS, which is involved in regulating the length of telomeres (15) . Recently, the structure of the Pyrococcus abyssi ortholog of YgjD was solved to 3 Å. The structure revealed that the protein bound ATP, Fe(III), and possibly, additional divalent metal ions (26) , and the results of biochemical experiments suggested that it was an atypical DNA binding protein.
In this study, we have explored the roles of the YjeE, YeaZ, and YgjD proteins in E. coli. We have confirmed previous reports that these are essential gene products and shown that their depletion is associated with startling changes in cell morphology and ultrastructure. Using a combination of genetic and biochemical approaches, we demonstrate that the three proteins form an interaction network and that YeaZ is a protease that apparently specifically degrades YgjD.
MATERIALS AND METHODS
Bacterial strains. The strains and plasmids used during this study are listed in Table 1 . E. coli strain MC4100-A, an arabinose-resistant isolate of MC4100, was the parental strain used for construction of all of the depletion strains in this study. All depletion strains contain a single copy of the gene of interest under the control of the arabinose promoter and optimized ribosome binding site derived from pBAD24 (24) and integrated at the lambda phage attachment site and a deletion of the gene at the native site.
All strains were constructed in a similar fashion. For strain JH17, which conditionally expresses yjeE, the yjeE gene was first cloned into pBAD24, following amplification with primers YjeEApoI and YjeESmaI (see Table S1 in the supplemental material for primer sequences), digestion with ApoI and SmaI, and cloning into EcoRI-SmaI-digested pBAD24. The araC-P BAD -yjeE region from this construct was amplified by PCR using primers AraCEcoRI and YjeErevBglII, digested with EcoRI and BglII, and cloned into pRS552 that had been previously digested with EcoRI and BamHI. This construct was used to transfer the entire arabinose-regulated yjeE allele to the lambda attachment site (attB) on the chromosome of E. coli host strain MC1061 (56) . The attB::(araC ϩ P BAD yjeE ϩ ) allele, now 100% linked to a kanamycin resistance marker, was then moved by P1 transduction to the chromosome of MC4100-A. For deletion of the native copy of yjeE, a deletion allele of yjeE was assembled initially in pBluescript. The construct harbored the first 14 codons of yjeE (to preserve the coding sequence for the overlapping yjeF gene), the last 2 codons of yjeE, and the respective 474 bp upstream and 520 bp downstream and was constructed as follows. The upstream part of the deletion was amplified by PCR using primers Yedel1 and Yedel2, digested with XbaI and EcoRI, and cloned into similarly digested pBluescript. This construct was subsequently digested with EcoRI and KpnI, and the downstream part of the deletion, amplified with primers Yedel3 and Yedel4, was similarly digested and cloned in. The deletion allele of yjeE was excised from pBluescript by digestion with KpnI and XbaI and cloned into pMAK705 that had been previously digested with the same enzymes. The native yjeE gene was subsequently deleted from the chromosome of MC4100-A attB::(araC ϩ P BAD yjeE ϩ ) according to the method of Hamilton et al. (25) , with the modification that the strain was cultured in medium containing 0.2% arabinose and 0.5% glycerol throughout the procedure.
For conditional expression of yeaZ, a similar procedure was followed. Thus, yeaZ was cloned into pBAD24 by amplification with primers yeaZNheI and yeaZSmaI, digested with NheI and SmaI, and cloned into similarly digested pBAD24. The araC-P BAD -yeaZ region was subsequently cloned, following amplification using primers AraCBglII and RSyeaZBglII and digestion with BglII, into pRS552 that had been previously digested with BamHI. The araC-P BAD -yeaZ allele was transferred to the chromosome of MC1061 and, subsequently, MC4100-A as described above. A plasmid-encoded deletion allele of yeaZ was assembled by cloning the first two codons of yeaZ and the upstream 500 bp, following amplification with primers YeaZupsXbaI and YeaZupsBamHI, into pBluescript as an XbaI-BamHI fragment. The downstream part of the deletion covered the last two codons of yeaZ and 500 bp of downstream DNA, which was amplified with primers YeaZdownsBamHI and YeaZdownsKpnI and cloned into the above plasmid as a BamHI-KpnI fragment. The yeaZ deletion allele was subsequently moved as an XbaI-KpnI fragment from pBluescript to pMAK705. The native yeaZ gene was subsequently deleted from the chromosome of MC4100-A attB::(araC ϩ P BAD yeaZ ϩ ) following the same procedure as for yjeE deletion.
The construction of a ygjD depletion strain was achieved essentially in the same way. The ygjD gene was cloned into pBAD24 by amplification with primers BAD24ygjDEcoRI and BAD24ygjDXbaI, digested with EcoRI and XbaI, and cloned into similarly digested pBAD24. The araC-P BAD -ygjD region was then cloned, following amplification using primers AraCBglII and QEygjDstopBglII and digestion with BglII, into pRS552 that had been previously digested with BamHI. The araC-P BAD -ygjD allele was transferred to the chromosome of MC1061 and, subsequently, MC4100-A as described above. For deletion of the native ygjD gene, a method based on the redirect system was employed (14) . Briefly, 500 bp of DNA upstream of ygjD with the first two codons of the gene were amplified with YgjDapra1 and YgjDapra2, digested with BglII and EcoRI, and cloned into pBluescript that had been previously digested with BamHI and EcoRI. Into this construct was cloned the apramycin resistance cassette, flanked by FLP recombination target sites, as an EcoRI-ApaI fragment (amplified with primers ApraEcoRI and ApraApaI using plasmid pIJ773 [14] as template). Finally, into this construct the downstream part of the ygjD deletion, covering the last two codons of the gene and 500 bp of downstream DNA, was cloned as an ApaI-KpnI fragment (amplified using primers YgjDapra3 and YgjDapra4). Using primers YgjDapra1 and YgjDapra4, the whole insert was amplified by PCR and transformed by electroporation into strain MC4100-A attB::(araC ϩ P BAD ygjD ϩ ) harboring plasmid pIJ790, following the method of Datsenko and Wanner (14) . After selection for apramycin-resistant colonies at 37°C and confirmation by PCR analysis that replacement of native ygjD by the marked deletion had occurred, the apramycin cassette was subsequently "flipped out" to leave a nonpolar scar sequence as described previously (14) . Plasmid construction. The plasmids constructed in this work are shown in Table 1 , and their construction is described in Methods in the supplemental material. All clones obtained from PCR products were sequenced to ensure that no undesired mismatches had been introduced during the amplification procedure.
Growth conditions. Strains were generally cultured aerobically at 37°C in Luria-Bertani (LB) medium unless stated otherwise. For the conditionally lethal strains JH17, JH19, and JH22, LB medium was supplemented with 0.2% arabinose or 0.2% glucose for growth on solid medium and 0.2% arabinose or 0.4% glucose-6-phosphate plus 0.2% fucose for growth in liquid medium. For scoring bacterial two-hybrid interactions on solid medium, MacConkey indicator medium (55) supplemented with a final concentration of 1% maltose was used. For the sequential peptide affinity (SPA) purification, strains were cultured in 1 liter of terrific broth (TB) medium plus K salts (55) at 32°C until late log phase (73) . Antibiotics were used at the following final concentrations: apramycin, 50 g/ml; ampicillin, 125 g/ml; kanamycin, 25 g/ml; and chloramphenicol, 20 g/ml.
For screening of libraries for interacting clones in the bacterial two-hybrid system, strain BTH101 was initially transformed with the target gene present in pT25. These cells were then transformed with aliquots of each of six chromosomal libraries cloned into pUT18, plated onto MacConkey medium supplemented with maltose, and cultured at 30°C for 24 h. Red colonies, signifying possible interacting clones, were restreaked onto fresh MacConkey-maltose medium. For those colonies that remained red upon restreaking, plasmid DNA was isolated and transformed into BTH101 harboring the original target gene on pT25, pT25 only, the torD gene in pT25, or the sufI gene in pT25. These latter three served as controls to ensure that the interaction observed in the original library screen was specific to the target gene and was not observed with empty vector or with unrelated gene fusions.
For screening of libraries for multicopy suppressors of the deletion phenotypes of the three mutants JH17, JH19, and JH22, each mutant was initially transformed with aliquots of each of seven chromosomal libraries cloned into pUT18 or pGAD10, plated onto LB medium supplemented with glucose (0.2%), and cultured at 37°C for up to 72 h. Plasmid DNA from the growing clones was isolated and was transformed into JH17, JH19, and JH22 before the DNA sequence was obtained.
Growth of strains for protein overproduction was achieved as follows. For overproduction of YjeE-His 6 or YeaZ, strain M15(pREP4) was transformed with plasmid pQEYjeE or pQEYeaZ, respectively, and a 2-liter culture of each strain in LB medium was incubated aerobically at 37°C to an optical density (OD) at 600 nm of 0.6. YjeE-His 6 or YeaZ overproduction was subsequently induced by the addition of 1 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG). After a further 3 h of growth at 37°C, the cells were harvested, washed, and frozen as cell pellets for further processing. For overproduction of YgjD-His 6 , we found that inducing protein production at a growth temperature of 37°C resulted in most of the protein being present in inclusion bodies; therefore, the procedure was modified as follows. Strain M15(pREP4) was transformed with plasmid pQEYgjD, and a 2-liter culture of the strain was incubated, aerobically, at 37°C to an OD at 600 nm of 0.6. The culture was subsequently cooled to 21°C, YgjD-His 6 production was induced following the addition of 1 mM IPTG, and the cells were cultured at 21°C for a further 15 h. Cells were harvested and washed as described above. Since the M. haemolytica ortholog of YgjD is a predicted zinc-binding protein (2) and YeaZ is a homolog of YgjD, 0.5 mM ZnCl 2 was also routinely added to cultures at the same time as IPTG was added to induce overproduction of these two proteins.
Transmission electron microscopy analysis. A 30-l aliquot of each of strains JH17, JH19, and JH22 was inoculated from glycerol stocks into 5 ml of buffered LB supplemented with kanamycin, 0.4% glucose-6-phosphate, and 0.2% fucose and grown overnight at 37°C. These cultures showed poor but visible growth and were used directly for transmission electron microscopy analysis. The parental strain, MC4100-A, was grown overnight in LB and was then subcultured at 1:100 dilution into fresh medium and grown for ϳ4 h until it reached the same OD as the overnight cultures of the conditional strains. Transmission electron microscopy analysis of E. coli strains was carried out essentially as described by Stanley et al. (58) , with the minor exception that the grids were made of copperpalladium rather than copper. Images were captured using a Hamamatsu C8484-05G digital charge-coupled-device camera controlled via computer with AMT Image Capture Engine software, version 5.42.493.
Enzyme assays. ATPase assays were carried out according to the method of Norby and Jensen (52) , but were scaled down to a 200-l reaction mixture volume for use in microtiter plates. For each reaction, 200 g of purified YjeE-His 6 was used and ATP was added to a final concentration of 0.125, 0.25, 0.5, 1, 2, or 4 mM. Five replicates were carried out at each ATP concentration, and K m and k cat values were determined by using the Enzyme Kinetics Module plug-in in SigmaPlot.
For the glycoprotease assay, purified glycophorin A (5 g; obtained from Sigma) was incubated with purified Gcp from M. haemolytica (4.8 g; Cedarlane Labs, Hornby, Ontario, Canada), purified YeaZ (2 g), purified YgjD-His 6 (2 g), or a mixture of the latter two in a 50 mM HEPES buffer, pH 7.4, for 90 min at 37°C. Samples were then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (7.5% SDS gel), and glycophorin A degradation was followed by Western blot analysis with an antibody directed against GlpA (1/1,000 dilution; Sigma).
␤-Galactosidase assays were performed according to the method of Miller (43) .
Protein methods. Purification of overproduced proteins is described in Methods in the supplemental material. Strains in which E. coli chromosomal genes were modified by the addition of an SPA tag were previously constructed as part of a large survey of protein complexes in E. coli (9) . Affinity purification of native levels of SPA-tagged proteins and any potential binding partners was performed exactly as previously described (9, 73) . For the nucleotide addition experiments, cell extracts harboring YjeE-SPA at the native level were prepared as described above and then incubated with ADP, AMP-PNP, or GMP-PNP (each at 1 mM final concentration) for 3 h on ice prior to purification.
The periplasmic fraction of cells was prepared by using the cold osmotic shock protocol (59) , and membranes were isolated by ultracentrifugation of cell extracts that were prepared, following French pressing, as described above. The protein concentration was determined by the method of Lowry et al. (40) . SDS-PAGE analysis, with 15% acrylamide gels unless stated otherwise, was carried out according to the method of Laemmli (38) , and Western blotting by the method of Towbin et al. (62) . For the detection of glycoproteins, SDS-polyacrylamide gels were loaded with 10 g of cell extracts and, following protein separation, were analyzed by glycoprotein staining with a ProQ-Emerald 300 glycoprotein gel stain kit (Invitrogen). The CandyCane markers (Invitrogen), containing a mixture of glycosylated and nonglycosylated proteins, were used as molecular mass standards. For two-dimensional (2-D) gel analysis, 350 g of protein extract was loaded onto precast immobilized pH gradient strips (18 cm, pH 3 to 10, nonlinear; Amersham) for the first-dimensional separation as described by Widdick et al. (64) . Focused strips were separated in the second dimension by SDS-PAGE with Amersham Biosciences DALT 12.5% gels. For protease digestion experiments, cell extracts (350 g) were mixed with purified YeaZ (10 g) or YgjD-His 6 (10 g) or both proteins for 1 h at 37°C prior to 2-D gel separation as described above. Rabbit polyclonal antibodies were raised to YjeE-His 6 (1:5,000 dilution) with purified protein supplied to Sigma-Genosys and to YeaZ (1:10,000 dilution) with protein supplied to Custom Hybridoma. Anti-FLAG antisera were obtained from Sigma. Overproduced purified proteins were identified by tryptic mass fingerprint analysis carried out by the John Innes Centre proteomics facility. Affinity-purified eluates containing protein complexes were analyzed by SDS-PAGE, individual bands were excised, and proteins were identified by peptide mass fingerprinting using a Bruker Reflex IV matrix-assisted laser desorption ionization-time of flight mass spectrometer. Whole eluates were also subjected to tryptic digestion in solution and directly analyzed by ion trap liquid chromatography-tandem mass spectrometry on a Thermo-Finnigan-LTQ mass spectrometer as previously described (73) .
RESULTS
Genomic organization of yjeE, yeaZ, and ygjD. Genomic context can often reveal clues to the functions of genes, since genes coding for proteins with related cellular functions often cluster together, allowing coregulation. The yjeE gene in E. coli is the second gene of a five-gene operon that also includes genes for DNA mismatch repair (mutL), tRNA modification (miaA), and peptidoglycan remodeling (amiB) ( Fig. 1A) . A similar genomic context is found in most proteobacteria of the gamma subclass, whereas the pairing of yjeE and yjeF (predicted to encode a sugar kinase) is found in Geobacter species, which are members of the deltaproteobacteria, and in the VOL. 191, 2009 A CONSERVED, ESSENTIAL GENE NETWORK 4735
Acidobacteria. In the betaproteobacterium Neisseria meningitidis, the yjeE ortholog is sandwiched between two genes also involved in cell wall-related processes ( Fig. 1A) .
As shown in Fig. 1B , for gram-positive bacteria, the genetic arrangement of the yjeE ortholog (termed ydiB in B. subtilis) is somewhat different. The gene almost always directly precedes the genes that are the yeaZ and ygjD orthologs (termed ydiC and ydiE in B. subtilis). Frequently the rimI ortholog, ydiD, is also found within the same transcription unit. In Mycobacterium tuberculosis and other actinomycetes, the yjeE ortholog is preceded by alr, which encodes alanine racemase that catalyzes the synthesis of d-alanine, an essential precursor for peptidoglycan biosynthesis. In B. subtilis, thiL, encoding thiaminemonophosphate kinase, is found 18 bp upstream of ydiB, but this pairing is generally not conserved, even in firmicute genomes.
In E. coli, yeaZ is found in the vicinity of yoaA, encoding a probable ATP-dependent helicase, and genes for a probable outer-membrane protein (yeaY), fatty acyl coenzyme A synthase (fadD), and RNase D (rnd) (Fig. 1C ). The context of yeaZ with yoaA is also found in the betaproteobacterial organ-ism Methylobacillus flagellatus. In N. meningitidis and many other betaproteobacteria, yeaZ is immediately upstream of rimI (Fig. 1C ), in an arrangement mirroring that observed for many gram-positive organisms. RimI is an acetyltransferase that catalyzes the N-acetylation of the N-terminal alanine residue (following cleavage of the initiator methionine) of the ribosomal protein S18 (28) . Remarkably, in the three sequenced Bordetella genomes, the yeaZ and rimI genes are apparently fused to give a single reading frame. A similar fused gene is also seen in the Mycobacterium leprae genome sequence.
The ygjD gene in E. coli (Fig. 1D ) is found as a monocistronic unit, flanked on either side by a gene for a probable anion permease (ygjE) and the rpsU gene, encoding ribosomal protein S21. The divergent arrangement of ygjD with rpsU is conserved among the gamma-and many of the betaproteobacteria, as is the linkage with dnaG, encoding DNA primase, and rpoD, encoding the sigma factor 70 . In N. meningitidis, the ortholog of ygjD is found at the end of a four-gene cluster (Fig.  1D ), with the three preceding genes being related to cytochrome c biogenesis and function. YjeE, YeaZ, and YgjD are essential in E. coli. Previous studies from other groups have shown or inferred that yjeE, yeaZ, and ygjD are essential for E. coli viability (3, 5, 17, 19) . Although a strain allowing conditional expression of yjeE has previously been described (3), there are currently no strains allowing for conditional expression of yeaZ or ygjD. Therefore, we constructed individual yjeE, yeaZ, and ygjD conditionalexpression strains which we designated JH17, JH19, and JH22, respectively. Each strain was constructed in a similar fashion in background strain MC4100-A, an arabinose-resistant derivative of our standard laboratory strain. In each case, a copy of the gene of interest was placed under the control of the arabinose-inducible, glucose-repressible araBAD promoter at the phage lambda attachment site, after which the native copy was deleted in the presence of arabinose, ensuring that the P BADcontrolled copy would be induced.
Plating each of the three conditional strains onto LB medium supplemented with either 0.2% arabinose or 0.2% glucose confirmed that each of the three genes encoded an essential protein, since no colonies could be observed on plates supplemented with glucose, even after prolonged periods of incubation (shown in Fig. 6A , "Vector only" panels). The growth characteristics of each strain cultured under gene depletion conditions are shown in Fig. 2 . As the parental strain is auxotrophic for arabinose, suppression of gene expression relies upon the arabinose being diluted out rather than metabolized, and therefore, during the first round of growth in liquid culture, the conditional strains appear to grow normally in the presence of glucose-6-phosphate plus fucose. However, upon subculture into glucose-6-phosphate plus fucose-containing medium followed by a second round of incubation, each of the conditional strains ceased growing, confirming that yjeE, yeaZ, and ygjD are indeed essential genes in E. coli.
As shown in Fig. 2A to C, depletion of YjeE ( Fig. 2A) and YeaZ ( Fig. 2B ) resulted in an inability to detect the cognate protein after Western blotting, consistent with their absence upon prolonged depletion. Interestingly, the Western blot results also demonstrate that the production of each of these proteins in the conditional strains grown in the presence of arabinose is noticeably higher than the native level. This indicates that the levels of transcription and translation of yjeE and yeaZ driven by the araBAD promoter and araB ribosome binding site are higher than their native levels of expression in wild-type cells. This increased level of expression did not have any obvious impact on the physiology of the cells (see Fig. S1 in the supplemental material).
Depletion of YjeE, YeaZ, and YgjD is associated with unusual cellular morphologies. The functions of YjeE, YeaZ, and YgjD are currently unknown. To obtain clues about the cellular roles of these proteins, we carried out transmission electron microscopy analysis of each of the three depletion strains, JH17, JH19, and JH22, grown under conditions where the cell was depleted of each of these essential proteins.
As shown in Fig. 3B , repression of the expression of yjeE resulted in the formation of massive cells which were very elongated and also typically 1.5 to 1.75 times wider than wildtype cells (shown to the same scale as an inset in Fig. 3B) , with the occasional cell up to 2.75 times wider. Most of the cells also showed evidence of branching or curving, which is consistent with a defect in cell wall metabolism (seen, for example, in strains lacking penicillin binding protein 5 [PBP5] [49] ). Similar to the yjeE depletion strain, strains lacking expression of PBP5 also show an increase in cell diameter. However, unlike cells defective in PBP5 expression, depletion of yjeE also produced cells routinely displaying an unusual distribution of the DNA, which appears to be located around the periphery of the cell rather than throughout the cytoplasm. Interestingly, it has been reported that E. coli cells limited for thymine form very enlarged and branched cells (72) that show a strikingly similar peripheral distribution of the nucleoids (65) . However, we were unable to suppress the lethal depletion of yjeE in the presence of added thymine (at 5, 50, or 500 g/ml) on either liquid or solid medium (not shown). Nonetheless, these observations may suggest that depletion of yjeE leads to a defect in the rate of DNA synthesis.
Transmission electron micrographs of E. coli cells with suppressed production of YeaZ are shown in Fig. 3C . In general, depletion of yeaZ also resulted in cells that were enlarged, although not nearly as dramatically as those seen when yjeE was depleted. Cells were also occasionally misshapen, with rare cells showing signs of branching. However, the most startling feature of cells depleted for yeaZ was the appearance of the nucleoid. Almost all of the cells we examined displayed nucleoids that were highly condensed. Indeed, the appearance of yeaZ-depleted cells resembles wild-type E. coli that has been treated with the translational inhibitor chloramphenicol (46, 75) . Other treatments that inhibit translation, for example, amino acid starvation, also reportedly cause nucleoid condensation (75) . E. coli nucleoid condensation has also been observed when histone-like DNA binding proteins, for example, the chlamidial Hc1 protein (7) or H-NS (57) , are overproduced. Thus, the depletion phenotype of yeaZ repression is consistent with cells experiencing a block in protein synthesis.
Transmission electron micrographs of E. coli cells with suppressed production of YgjD are shown in Fig. 3D . It is apparent that depletion of this essential protein is also associated with unusual cellular morphologies. In this case, however, the cells had a more varied appearance. Approximately 60% of cells (from a total of 29 captured on micrographs) looked very much like the strain depleted for yjeE, i.e., cells were enlarged and showed the same unusual distribution of DNA around the cell periphery (e.g., Fig. 3D, right panel) . This is suggestive evidence that there might be some interrelationship between the two proteins. As for the conditional yjeE strain, we were unable to suppress the lethal depletion of ygjD in the presence of added thymine. A subpopulation (40%) of ygjD-depleted cells, on the other hand, was rather smaller (although still enlarged relative to the wild type) and their DNA showed a wild-type localization. It is not clear why we observe two different populations, although it may possibly arise due to incomplete depletion of ygjD in a subpopulation of the culture. However, it should be noted that regardless of which of the two populations of cells were examined, in all cases the membranes of the cells showed an unusual ruffled appearance. It is not clear what the basis of this ruffling phenotype might be, although it clearly reflects an aberration connected with the cell envelope.
As shown in Fig. 2 , growth of the yjeE and yeaZ depletion strains in the presence of arabinose resulted in an overproduction of YjeE or YeaZ relative to the levels in the parental VOL. 191, 2009 A CONSERVED, ESSENTIAL GENE NETWORK 4737 on December 12, 2019 by guest http://jb.asm.org/ strain. Electron micrographs of each of the three conditional strains grown in the presence of arabinose are shown in Fig. S1 in the supplemental material. In general, the appearance of each strain was similar in size and morphology to the wild type. There was some grainy material, most probably mesosomes, associated with each of the three conditional strains that was not so prominent in the wild-type strain. However, it is generally accepted that mesosomes are artifacts produced by the chemical fixation techniques (16) , so the significance of this observation is not clear. YjeE interacts with YeaZ in the bacterial two-hybrid assay. Since YjeE has been proposed to act as a molecular switch, it FIG. 2. The yjeE, yeaZ, and ygjD gene products are essential in E. coli K12. (A) Strain MC4100-A (wild type) (filled circles) and the yjeE depletion strain, JH17, subcultured in duplicate (filled squares and filled triangles), were cultured overnight in LB medium containing 0.02% arabinose (Ara). At time zero, each strain was subcultured at a 1:100 dilution into fresh LB medium containing 0.02% arabinose. After aerobic growth for 2 h at 37°C, the cells were harvested, washed twice in LB medium, and finally, resuspended into either LB containing 0.2% arabinose (for MC4100-A and one of the JH17 cultures [filled squares]) or buffered LB containing 0.4% glucose-6-phosphate and 0.2% fucose (G6P) (for the second JH17 culture [filled triangles]). The cells were cultured aerobically for a further 6 h at 37°C, when they were subcultured (again at 1:100 dilution) into fresh LB containing 0.2% arabinose (for MC4100-A and the first JH17 culture) or buffered LB containing 0.4% glucose-6-phosphate and 0.2% fucose (for the second JH17 culture). Cells were then cultured at 37°C for a further 8 h. (B and C) Growth curves, carried out exactly as described for panel A, were repeated with the yeaZ (B) and ygjD (C) depletion strains, JH19 and JH22, respectively. These growth curves were all carried out concurrently, with the same wild-type control, but the results have been separated into three panels for clarity. (D) A 100-l aliquot of cells was removed from each culture at the 2-h, 8-h, and 16-h time points during the growth curve shown in panel A, and total cell proteins were separated by SDS-PAGE (15% acrylamide) prior to analysis by immunoblotting with a rabbit polyclonal antiserum raised against YjeE. (E) A 100-l aliquot of cells was withdrawn from each culture at the time points indicated during the growth curve shown in panel B, and total cell proteins were separated by SDS-PAGE (15% acrylamide) prior to analysis by immunoblotting with a rabbit polyclonal antiserum raised against YeaZ. Note that it was not possible to analyze the depletion of YgjD production by Western blotting since we were unable to raise a suitable antibody against this protein. WT, wild type.
presumably must interact with other cellular proteins under certain conditions. A large-scale study investigating native levels of protein complexes in E. coli suggested that there was a reciprocal interaction between YjeE and YjeF (9), which is encoded immediately upstream of yjeE in E. coli and many other bacterial species. We chose to examine putative interaction partners of YjeE using a genetic approach based on the bacterial two-hybrid system (32) . This assay is based around 
VOL. 191, 2009
A CONSERVED, ESSENTIAL GENE NETWORK 4739 on December 12, 2019 by guest http://jb.asm.org/ the reconstitution of adenylate cyclase activity from two noninteracting fragments in an E. coli cya strain. When YjeE was produced as a fusion with the T18 and the T25 fragments of Bordetella pertussis CyaA, a strong interaction was observed, as evidenced by the production of red colonies on MacConkey-maltose medium (not shown) and detection of significant levels of ␤-galactosidase activity, shown in Fig. 4A and B . This indicates that the YjeE protein is able to form a dimer. Interestingly, oligomerization of purified E. coli YjeE and the B. subtilis YjeE ortholog, YdiB, has recently been reported (34) .
We next tested whether YjeE could interact with proteins encoded in the genetic neighborhood of yjeE in gram-negative bacteria (Fig. 4A ) and gram-positive bacteria (Fig. 4B ). No significant interaction was observed between YjeE and any of the proteins YjeS, AmiB (produced with and without its Nterminal signal peptide), MutL, MiaA, MurI, and surprisingly, YjeF. Thus, in each case, strain BTH101 harboring plasmids coproducing YjeE and each of these proteins as CyaA fusions gave white colonies on MacConkey agar plates (data not shown) and a low level of ␤-galactosidase activity (Fig. 4A and  B ). However, a strong interaction was observed between YjeE and YeaZ (Fig. 4B) , the ortholog of which is encoded directly downstream of the yjeE ortholog in many gram-positive organ-isms. The interaction was observed when yjeE was present on the high-copy number vector (pT18) and yeaZ on the lowercopy-number vector (pT25) and also when the genes were present in the reciprocal vectors, where the level of ␤-galactosidase activity was notably higher. No significant interaction between YjeE and ThiL, Alr, RimI, or YgjD could be detected by this method (Fig. 4B ). Thus, we conclude from the results of these experiments that there is an interaction between the essential proteins YjeE and YeaZ.
YgjD and YeaZ show reciprocal interaction using the bacterial two-hybrid system. YeaZ and YgjD at native levels have already been shown to form a complex that is stable during purification (9) . To examine the interaction of these two proteins and to probe for additional interacting partner proteins, we constructed vectors that produced each protein as a fusion with either the T18 or T25 fragment of B. pertussis adenylate cyclase.
The interaction of YgjD with proteins encoded in its genetic neighborhood in gram-positive bacteria is shown in Fig. 5A . It is apparent that YgjD can form a strong homodimer since coexpression of pT18ygjD and pT25ygjD in the cya strain BTH101 gave bright red colonies on MacConkey-maltose medium (data not shown) and ␤-galactosidase activity levels of close to 1,200 Miller units (Fig. 5A ). In addition to the signif- FIG. 4 . YjeE interacts with YeaZ in the bacterial two-hybrid assay. Bacterial two-hybrid interaction analysis was carried out using yjeE and yjeS, yjeF, amiB, a truncated version of amiB lacking the DNA encoding the signal sequence (⌬ssamiB), mutL, miaA, or murI (A) or alr, thiL, yeaZ, rimI, or ygjD (B). Interactions were tested reciprocally (i.e., both with yjeE cloned in pT18 and the partner gene in pT25 and vice versa), with the exceptions of amiB, which was only tested as a C-terminal protein fusion in pT25, and ⌬ssamiB, yjeS, and thiL, which we were unable to clone into pT18. Each block of four bars also has two controls where the gene of interest cloned in either pT18 or pT25 was tested reciprocally against the empty plasmid vector lacking yjeE. Strain BTH101 was cotransformed with the pT18 and pT25 plasmid derivatives, a single colony was picked from each transformation and cultured in LB medium supplemented with appropriate antibiotics, and ␤-galactosidase assays were carried out using the method of Miller (43) . Error bars represent standard errors of the means; n ϭ 3. icant self-interaction, YgjD also showed clear interaction with YeaZ, confirming the results of the copurification experiments of Butland et al. (9) which showed that these two proteins form a complex. The levels of ␤-galactosidase activity (taken as a measure of the strength of interaction) indicate that the strongest interaction was observed when YgjD was produced as a fusion to the N terminus of T18 (from the higher-copy-number pT18 vector) rather than as a fusion to the C terminus of T25 (from the lower-copy-number pT25 vector). Again, no significant level of interaction was observed when YgjD was tested against YjeE, confirming the observations shown in Fig. 4B . In addition, there was no significant interaction of YgjD with RimI or ThiL when tested using this system.
The interaction of YeaZ with proteins encoded in its genetic neighborhood in gram-positive bacteria is shown in Fig. 5B . Coexpression of pT18yeaZ and pT25yeaZ in strain BTH101 gave strongly red colonies on MacConkey-maltose indicator medium and a high level of ␤-galactosidase activity, suggesting that, like YjeE and YgjD, this essential protein also forms homo-oligomers. As shown in Fig. 5B , the interaction of YeaZ with YjeE and YgjD was also confirmed. When YeaZ was produced as a fusion protein with T18, there was no apparent evidence of interaction with either T25-ThiL or T25-RimI. When RimI was produced as a T18 fusion protein and YeaZ as a T25 fusion, the level of ␤-galactosidase activity that was measured was slightly higher, suggesting that there may be some weak interaction between the two proteins that is dependent on copy number or on positional effects of the protein fusion. We were unable to clone thiL into pT18 and so were unable to test interactions with YeaZ reciprocally. However, taken together, the data presented here indicate that YeaZ can homo-oligomerize and, in addition, is able to form complexes with YgjD and YjeE.
In addition to the targeted two-hybrid analyses described above, we also screened six random genomic libraries cloned into the two-hybrid vector pUT18, using pT25yeaZ, pT25ygjD, or pT25yjeE as bait. After screening out false-positive interactors, as described in Materials and Methods, a single positive clone that gave a consistent and specific interaction with pT25ygjD (␤-galactosidase activity measurements of 1,020 Ϯ 33 Miller units [mean Ϯ standard deviation]) and one which gave a consistent and specific interaction with pT25yeaZ (␤galactosidase activity measurements of 2,682 Ϯ 111 Miller units) were identified. In both cases, the clone was identical and harbored a fragment of yeaZ encoding amino acids 1 to 213 fused in frame to the N terminus of T18. When this clone was tested against pT25yjeE, a significant level of interaction was also seen (␤-galactosidase activity measurements of 861 Ϯ 33 Miller units). It is not clear why we did not isolate this truncated yeaZ clone when we carried out our screening using pT25yjeE as bait, but it may be that we did not obtain sufficient coverage during our screening experiments with this bait plasmid.
YeaZ may partner switch between YjeE and YgjD. Using the bacterial two-hybrid system described above, we have demonstrated that the essential protein YeaZ can apparently interact with the other two essential proteins YjeE and YgjD. The fact that these proteins may interact and that they are all essential for E. coli viability suggests that they may be involved in the same pathway. However, we have been unable to demonstrate any interaction between YjeE and YgjD, which therefore places YeaZ as the central component in this protein network.
To explore this further, we next investigated whether in the presence of overproduced YgjD, the interaction between YeaZ and YjeE that was seen using the bacterial two-hybrid assay was affected. To perform these experiments, we modified our pT18yjeE vector by cloning into this the gene for native ygjD. The ygjD gene was cloned directly after yjeET18 gene fusion and was thus under the control of the same promoter. As shown in Fig. 5C , ␤-galactosidase activity measurements for BTH101 harboring pT18yjeEygjD and pT25yeaZ were very low, almost indistinguishable from the level in the negative control. The simplest explanation for this drop in ␤-galacto-FIG. 5. YeaZ interacts with YgjD, YjeE, and RimI in the bacterial two-hybrid assay. Bacterial two-hybrid interaction analysis was carried out using ygjD and each of thiL, yjeE, yeaZ, and rimI (A) and yeaZ and each of thiL, yjeE, rimI, and ygjD (B). Interactions were tested reciprocally, and each block of four bars also has two controls where the gene of interest cloned in either pT18 or pT25 was tested reciprocally against the empty plasmid vector lacking either ygjD or yeaZ. Strain BTH101 was cotransformed with the pT18 and pT25 plasmid derivatives, a single colony was picked from each transformation and cultured in LB medium supplemented with appropriate antibiotics, and ␤-galactosidase assays were carried out using the method of Miller (43) . Error bars represent standard errors of the means; n ϭ 3. (C) BTH101 was cotransformed with pT18 and pT25, pT18yjeE and pT25yeaZ, or pT18yjeEygjD and pT25yeaZ. ␤-Galactosidase assays were carried out using the method of Miller (43) . Error bars represent standard errors of the means; n ϭ 3.
A CONSERVED, ESSENTIAL GENE NETWORK 4741 on December 12, 2019 by guest http://jb.asm.org/ sidase activity when ygjD is also co-overexpressed is that the interaction of YeaZ with YjeE and YgjD is mutually exclusive and that under the growth conditions tested, the preferred partner for YeaZ is YgjD. This might also explain why in the native-level affinity purification experiments carried out by Butland et al. (9) under standard growth conditions, the only copurifying partner protein identified for affinity-tagged YeaZ was YgjD. The YjeE, YeaZ, and YgjD depletion strains can all be partially complemented by plasmids harboring rstA. Since our experimental evidence was strongly suggestive of an interrelationship between YjeE, YeaZ, and YgjD, we went on to test whether the normally lethal depletion of any of these proteins could be complemented by overproduction of the putative partner proteins. The outcomes of these complementation analyses are shown in Fig. 6A . It can clearly be seen that the lack of growth of the yjeE depletion strain, JH17, in the pres-ence of glucose could be overcome in the presence of multicopy yjeE but not yeaZ or ygjD. Likewise, in the presence of glucose, the yeaZ depletion strain, JH19, could only grow if it harbored multicopy yeaZ and not yjeE or ygjD. Finally, depletion of chromosomal ygjD expression in strain JH22 could only be complemented by plasmid-borne ygjD and not yeaZ or yjeE.
It has been reported previously by Campbell et al. (10) that rstA is a multicopy suppressor of the lethal phenotype of yjeE depletion. To identify possible multicopy suppressors of the depletion phenotypes of our conditional yjeE, yeaZ, and ygjD strains, we carried out transformations of each of these strains with libraries carrying fragments of E. coli chromosomal DNA and plated the transformants onto medium containing glucose.
After transforming strain JH17 with approximately 0.8 million clones, we isolated 28 clones that supported growth of the strain after repression of the expression of chromosomal yjeE. Of those clones (listed in Table S2 in the supplemental mate- Table S1 in the supplemental material). Clone 116 was constructed by cloning rstA into pBluescript under the control of the lac and tatA promoters. rial), 23 harbored the yjeE gene, including 1 which contained only the coding sequence for the first 85 amino acids (from a total length of 152) of the protein. Of the five clones that we isolated as multicopy suppressors of the yjeE depletion phenotype that did not harbor yjeE, one of these, clone 17.2.3, carried the entire purE gene and the first one-third of purK. Both of these genes are involved in the de novo pathway for purine biosynthesis. A further clone, 17.2.27, harbored most of the yieG gene. This gene, which is currently uncharacterized, is predicted with high confidence to encode an inner-membrane protein of the xanthine-uracil permease superfamily. The isolation of these clones again suggests a link between DNA synthesis and YjeE. Of the remaining clones, 17.2.4 encodes fragments of the uncharacterized proteins YfaT and YfaS, the latter of which is a predicted alpha-2-macroglobulin domain protein; clone 17.1.18 harbors most of the ygfF gene, which is predicted to encode a short-chain dehydrogenase; and clone 17.7.20 carries fragments of two genes, ymdA and ymdB, that form part of a cryptic curli-encoding operon.
After transforming strain JH19 with approximately 1.15 million clones, we isolated 35 plasmids that supported growth of the strain after suppression of the expression of chromosomal yeaZ. However, all of these complementing clones (listed in Table S3 in the supplemental material) harbored at least a portion of the yeaZ gene. The minimal complementing clone encoded only the first 178 amino acids of the 231-amino-acid YeaZ, indicating that even a significantly C-terminally truncated form of YeaZ retains some functionality.
After transforming strain JH22 with more than 2 million clones, we isolated only 19 plasmids that supported growth of the strain after suppression of the expression of chromosomal ygjD. Of those clones (listed in Table S4 in the supplemental material), 17 harbored all or part of ygjD, with the minimally complementing clone encoding just the first 256 amino acids (from a total of 337). Two of the complementing plasmids did not contain any part of ygjD. Clone 22.2.33 carries the entire ybiV gene, which encodes a probable sugar phosphatase (54), along with very small fragments of ybiW and ybiU. Most interestingly, however, clone 22.7.27 carries a cluster of four genes, one of which is rstA (Fig. 2B ), which has been previously identified as a multicopy suppressor of the lethal phenotype of a strain depleted for yjeE. To test whether clone 22.7.27 could also complement our yjeE and yeaZ depletion strains, we transformed this construct into strains JH17 and JH19, respectively, and plated the new strains onto glucose-containing medium. As shown in Fig. 6A , this plasmid could clearly also act as a multicopy suppressor of the depletion phenotype for strains lacking YjeE and YeaZ, as well as YgjD.
One possibility for the ability of clone 22.7.27 to complement the loss of any of the proteins YjeE, YeaZ, and YgjD is that it may interfere with the regulation of the P araBAD promoter such that there is insufficient repression of the expression of the essential gene. The studies of Campbell et al. (10) already ruled out this possibility by confirming that multicopy rstA did not result in any overexpression of a luciferase reporter gene cloned under the control of the P BAD promoter. However, we also confirmed this by showing that clone 22.7.27 could not support the growth of an otherwise isogenic conditionally lethal lepB strain in the presence of glucose (data not shown). None of the other clones that we identified as multicopy sup-pressors for JH17, JH19, or JH22 could cross-complement any of the other strains, indicating that clone 22.7.27 was unique in this respect (data not shown). Since we have isolated a single clone that is able to suppress the lethality of yjeE, yeaZ, or ygjD depletion, this is very strong evidence that these three genes are involved in a related pathway.
The arrangement of genes on the multicopy suppressor clone 22.7.27 is shown in Fig. 6B . Since Campbell et al. (10) showed that rstA could specifically complement the normally lethal depletion of yjeE, it seemed likely that the presence of rstA was responsible for the multicopy suppression seen with this plasmid. To test this, we first removed the ydgC and partial folM reading frames to give clone 126. As shown in Fig. 6A , this clone could also act as a multicopy suppressor for JH17, JH19, and JH22 grown in the presence of glucose, although the complementation of JH22 was not as strong as that seen with the full-length clone. When we subcloned rstA alone under the sole control of the constitutive tatA promoter in the mediumcopy-number plasmid pT7.5, it could not complement any of the three conditional expression strains (not shown). However, when we subcloned the P tatA -rstA fragment into the high-copynumber vector pBluescript so that it was also under the control of the lac promoter (clone 116), the clone was able to complement all three of the conditional expression strains grown in the presence of glucose. Thus, the expression level of rstA is critical for the complementation of JH17, JH19, and JH22, in agreement with the findings of Campbell et al. (10) , who demonstrated that high levels of expression of rstA were critical for its ability to complement their conditional yjeE expression strain.
Purified YjeE, YeaZ, and YgjD form homodimers. As a prerequisite to the ultimate characterization of complexes formed between YjeE, YeaZ, and YgjD, we overproduced and purified each of the three essential proteins. YjeE, which was supplied with a C-terminal His tag, was purified initially by immobilized metal affinity chromatography, followed by size exclusion chromatography. As shown in Fig. 7A , left panel, YjeE-His 6 (confirmed by peptide mass fingerprinting) eluted from the size exclusion column in two distinct peaks, corresponding to molecular masses of 39 kDa and 22 kDa, respectively, which are close to the estimated masses for dimeric (36 kDa) and monomeric (18 kDa) forms of YjeE-His 6 . These data confirm the results of the bacterial two-hybrid analysis (Fig.  4A) , which gave a strong indication that YjeE could self-interact. We also confirmed that the as-purified YjeE-His 6 In this latter publication, the authors also demonstrated that ATPase activity was higher with monomeric than with oligomeric YdiB (34) .
For purification of YeaZ, we overproduced the native protein as described in Methods in the supplemental material and isolated YeaZ following Q-Sepharose ion exchange chromatography and size exclusion chromatography. The protein was confirmed to be native YeaZ by peptide mass fingerprint analysis. As shown in Fig. 7A , center panel, YeaZ was found in two distinct peaks after size exclusion chromatography, a major peak corresponding to a molecular mass of 62 kDa and a more VOL. 191, 2009 A CONSERVED, ESSENTIAL GENE NETWORK 4743 on December 12, 2019 by guest http://jb.asm.org/ minor peak at a mass of 27 kDa, close to the estimated masses of dimeric (50 kDa) and monomeric (25 kDa) forms of YeaZ. This observation supports the contention resulting from bacterial two-hybrid analysis that YeaZ has a strong propensity to homodimerize. YgjD was overproduced as a C-terminally histidine-tagged fusion protein, as described in Methods in the supplemental material. Interestingly, as shown in Fig. 7B in the lane labeled imac, following purification of YgjD-His 6 by nickel affinity chromatography, we observed that the protein had been sub-ject to degradation, despite the inclusion of a protease inhibitor cocktail (Roche Complete EDTA-free) throughout the cell lysis and purification steps. Analysis of the bands numbered 1 to 4 in Fig. 7B indicated that each of them was derived from YgjD/YgjD-His 6 . Band number 1 corresponded to fulllength YgjD-His 6 , while band 2 was an N-terminal fragment of the protein, most probably formed from cleavage of the protein between F 195 and V 196 . The molecular mass of band 3 is consistent with it also being an N-terminal fragment of the protein, generated following cleavage between amino acids K 171 and L 172 . Although band 4 was also clearly derived from YgjD, it was not possible to determine a cleavage site for this form of the protein since tryptic fragments from both the Nand C-terminal regions of the protein were detected. It may be that band 4 contains a mixture of N-and C-terminally processed forms of YgjD-His 6 .
We were able to separate out the full-length form of YgjD-His 6 from the proteolysis products following size exclusion chromatography (Fig. 7A, right panel) . The protein eluted predominantly as a single peak after gel filtration, with an estimated molecular mass of 66 kDa, close to the expected mass of a YgjD-His 6 dimer (74 kDa). The small shoulder, labeled 1 in the right panel in Fig. 7A , which corresponds to an estimated mass of 111 kDa, also contained low levels of a putative trimer form of YgjD-His 6 . These observations again support the conclusions from bacterial two-hybrid analysis that YgjD can oligomerize. None of the three essential proteins that we purified showed any evidence of any copurifying partner proteins, which may be because they are so massively overproduced that any interacting factors are out-titrated.
Preliminary analysis of the interaction between YeaZ and YgjD indicates that YeaZ mediates proteolysis of YgjD. The results presented above clearly show that YgjD-His 6 is very sensitive to proteolytic degradation in crude cell extracts, even in the presence of added protease inhibitors. Interestingly, when YgjD was purified at native levels as a SPA-tag fusion protein, it was also seen to be subject to proteolysis (Fig. 7C) . As reported previously, the native-level purification of tagged YgjD clearly also resulted in coisolation of the nontagged partner protein YeaZ. When the reciprocal experiment was performed, i.e., when native-level SPA-tagged YeaZ was isolated, nontagged YgjD was copurified, and again it was observed that YgjD was subject to proteolytic degradation, even though a protease inhibitor cocktail was also included throughout the purification steps. This observation rules out an effect of C-terminal tagging on the susceptibility of YgjD to proteolysis and indicates that the native protein is intrinsically sensitive to proteolytic cleavage.
Since proteolysed YgjD was found at native expression levels complexed to YeaZ and both of these proteins are predicted to be proteases, this raised the possibility that the proteolytic degradation of YgjD seen here was mediated by YeaZ. To investigate this further, we dialyzed YgjD-His 6 that had been purified by immobilized metal chelate chromatography to remove the excess imidazole and incubated it for 3 h at 37°C in the presence or absence of purified YeaZ. It can clearly be seen in Fig. 7D (right panel) that when YeaZ was added to the incubation mixture, YgjD-His 6 was fully degraded, whereas incubation of YgjD-His 6 alone was without effect. Therefore, we conclude that the proteolysis of YgjD-His 6 is mediated by YeaZ. When we additionally included purified YjeE in the incubation mixture, it did not prevent the degradation of YgjD-His 6 mediated by YeaZ (data not shown).
While our experiments do not distinguish the possibility that YgjD-His 6 is undergoing autoproteolysis that is activated by YeaZ, we suggest that it is more likely that the proteolysis of YgjD is catalyzed by YeaZ because (i) YeaZ overproduced in the absence of zinc supplementation of the growth medium was inactive in bringing about the proteolysis of YgjD-His 6 and (ii) purification of a C-terminally His-tagged variant of YeaZ by immobilized metal affinity chromatography also yielded tagged YeaZ that was inactive for YgjD-His 6 proteolysis, but if the tagged variant was purified by anion exchange and gel filtration chromatography, it was functional for catalyzing YgjD-His 6 degradation (data not shown). However, we suggest that if YeaZ is a protease, it is a highly specific one, since it was not able to mediate significant degradation of YjeE-His 6 (Fig.  7E) and when it was incubated with an E. coli crude cytoplasmic extract and analyzed by 2-D gel electrophoresis, no protein spots disappeared, but if purified YgjD-His 6 was added to the same mixture of YeaZ with crude cytoplasmic proteins, it was still specifically degraded (not shown). Thus, our results point strongly toward the contention that the essential cellular protein, YeaZ, is a protease and that YgjD is its major, if not only, substrate.
DISCUSSION
In this paper, we report for the first time that the three essential eubacterial proteins YjeE, YeaZ, and YgjD form an interaction network. Numerous lines of evidence support this contention, including the fact that YeaZ interacts with YjeE and YgjD in bacterial two-hybrid experiments, YeaZ forms a complex with YgjD at native levels that is stable to purification, and strains with depleted production of each of these essential proteins can be rescued by a multicopy plasmid harboring the rstA gene. Our observations help to explain why these three proteins are encoded in the genomes of almost all eubacteria and why they are all, in general, critical for growth, since they all interact in the same essential, unknown cellular pathway.
Of these three proteins, YjeE and YeaZ are specific to eubacteria, whereas YgjD is ubiquitous, also having an essential function in eukaryotes. Interestingly, in archaea and eukaryotes, it appears that the function of YgjD, which has been termed Kae1 (for kinase-associated endopeptidase 1) is regulated by a protein kinase, Bud32. This is supported by the fact that fusions of Kae1 with a Bud32 ortholog are encoded in the genomes of some archaea and that Kae1 and Bud32 have been found in the same protein complex as Kae1 in yeast (15, 35, 41) . Indeed, crystallographic evidence has shown very tight complex formation between Kae1 and Bud32 in the KEOPS complex and in the fusion protein from Methanocaldococcus jannaschii, where it was also revealed that Bud32 maintains the ATP-binding site of Kae1 in an inactive configuration (26a, 26b). Thus, it seems that one of the functions of Bud32 is to regulate the activity of Kae1. Since there is no eubacterial ortholog of Bud32, we propose that the regulation of YgjD activity in these organisms is achieved through the action of YeaZ and YjeE. Possible models for the regulatory network between YjeE, YeaZ, and YgjD are shown in Fig. 8 .
Prior experiments have shown that YjeE is an ATP-binding protein with low intrinsic ATPase activity, and it has been speculated that the protein acts as a molecular switch (60) . Our findings are in keeping with this proposal since the interaction between YjeE and YeaZ that we see using the bacterial twohybrid assay is disrupted in the presence of multicopy ygjD. We therefore propose that one of the main functions of YjeE is to control or regulate the interaction between YeaZ and YgjD. Since YjeE can interact with adenine nucleotides and catalyze the slow hydrolysis of ATP, one way that complex formation between YjeE and YeaZ may be modulated is by nucleotide binding or hydrolysis. To investigate this further, we incubated cell extracts of a strain producing, at the native level, a SPAtagged variant of YjeE with ADP or nonhydrolysable analogs of ATP (AMP-PNP) or GTP (GMP-PNP) and then isolated YjeE using the protein tag. However, none of these nucleotides was sufficient to promote the formation of a complex between YjeE-SPA and YeaZ that was stable to purification (data not shown). It is possible that the interaction between YjeE and YeaZ is disrupted by the conditions used during protein isolation, or alternatively, the interaction may be transient or require the input of further proteins or other cofactors, such as metabolites, that are not present at sufficient levels during the growth of these strains in rich medium.
Clearly, however, under the same growth conditions, YeaZ and YgjD do form a strong complex. This is backed up by the observations of Butland et al. (9) that at native levels of expression, YeaZ and YgjD copurify when E. coli strains are cultured aerobically in rich growth medium. It was also observed on MacConkey indicator medium and during liquid growth in LB that in bacterial two-hybrid experiments, the preferred partner for YeaZ is YgjD. Thus, according to the models shown in Fig. 8 , the "default" situation is that YgjD is complexed with YeaZ. One of the most striking observations is that within this complex, YgjD is subject to proteolysis. The results of experiments where we mixed together the purified YeaZ with YgjD strongly suggest that this proteolysis is catalyzed by YeaZ. This complex formation and proteolysis of YgjD by YeaZ could serve either of two functions. It could serve to inactivate the function of YgjD, as depicted in Fig. 8B , such that it is unable to carry out its essential cellular function(s). Alternatively, it may serve to activate YgjD (Fig. 8A) and it may be that a truncated form of YgjD is the active one. A prediction of this second model is that the production of a truncated variant of YgjD equivalent to that generated by proteolysis of the protein may be able to suppress the lethal phenotype of yeaZ and/or ygjD depletion. However, the expression of constructs encoding either the first 171 or 195 amino acids of YgjD was unable to support growth of the yeaZ or ygjD depletion strain in the presence of glucose (not shown), although it should be noted that we isolated a functional construct containing amino acids 1 to 256 of ygjD in our library screen for suppressors of ygjD depletion. Nonetheless, taken together, our results are consistent with the proteolysis of YgjD resulting in its inactivation.
What are the cellular roles of YjeE-YeaZ-YgjD? The exact functions of the three key cellular proteins we have studied here have so far been enigmatic. However, it is clear that the loss of any of these three proteins results in startling changes to the morphology of E. coli. Depletion of yjeE and ygjD similarly gave rise to (at least a subset of) very enlarged cells that had defective morphologies, consistent with a link to cell envelope processes. It should be noted that conditional mutation of gcp in Staphylococcus aureus has also been linked to effects on cell wall turnover (74) . In each case, the enlarged cells seen during yjeE and ygjD depletion showed a highly unusual pattern of DNA distribution that has only been seen previously when E. coli strains are starved for thymine. However, an effect on the rate of DNA synthesis cannot be the sole reason for the loss of viability of the yjeE and ygjD conditional expression strains, as we were unable to rescue their growth by supplementation of the growth medium with any of thymine (at 5, 50, and 500 g/ml), uracil (at 10, 100, and 1000 g/ml), or adenine (at 10 and 100 g/ml). The YgjD ortholog of M. haemolytica is the only protein of the three we have studied here that has been previously ascribed a function. The protein, which was termed Gcp, was isolated from culture supernatants of M. haemolytica A serotypes and shown to possess glycoprotease activity that was specific for O-sialoglycoproteins, such as glycophorin A (1, 2, 63) . It is not clear how the secretion of Gcp is mediated, since the secreted protein was not N-terminally processed and lacked any recognizable signal sequence; however, when gcp was expressed in E. coli, the gene product was found in the periplasmic fraction (1) . Gcp is 77% identical (88% similar) to E. coli YgjD, making it extremely likely that the two proteins share a common function. Interestingly, fractionation of E. coli cells producing SPA-tagged YgjD at native levels followed by Western blotting against the FLAG epitope revealed that the E. coli protein has a strictly cytoplasmic location (as did SPAtagged YjeE and YeaZ; data not shown). Moreover, we were unable to demonstrate any sialoglycoprotease activity against glycophorin A of either purified YgjD-His 6 or YeaZ (data not shown), and, in addition, we were also unable to detect, following staining with Pro-Q Emerald, the presence of glycoproteins in cell extracts of wild-type E. coli strains; in any of our yjeE, yeaZ, or ygjD depletion strains; or in strains overproducing YjeE, YeaZ, or YgjD (data not shown).
Despite the very high sequence identity between E. coli YgjD and M. haemolytica Gcp, we were also unable to suppress the lethal depletion of ygjD by the expression of gcp (data not shown), suggesting that despite their high sequence conservation, the two proteins have diverged in function, possibly resulting in an inability to interact with specific cellular targets or partner proteins. Nonetheless, given the homology between YeaZ and YgjD, the fact that Gcp cleaves peptide bonds, and our observations which show that YeaZ is a specific protease that degrades YgjD, we speculate that YgjD is also a protease. However, the exact cellular target(s) of YgjD are currently not known. Overproduction of YgjD or YgjD plus YeaZ in cells is not lethal, and there is no apparent wholesale degradation of cellular proteins (e.g., see Fig. 7B ), nor does supplementation of crude cell extracts with purified YgjD-His 6 followed by analysis by 2-D gel electrophoresis result in any apparent degradation of the proteins (not shown). Therefore, we speculate that the proteins may need to be modified in some way to mark them as targets for YgjD. Clearly, glycosylation may be one such way to modify the proteins, but other modifications also exist, some of which, such as acetylation (69) or nonenzymatic glycation (4, 45) , have been observed in eubacteria. Interestingly, glycated proteins arise when intermediates in sugar metabolism, such as methylglyoxal (67) or 6-phosphogluconolactone (4), accumulate, resulting in protein inactivation and toxic side effects such as protein precipitation (47) , suggesting that a cellular mechanism should exist for the targeted degradation of such products.
Finally, we note that multicopy rstA is able to suppress the otherwise lethal phenotype of depletion of yjeE, yeaZ, or ygjD. RstA is the response regulator of a two-component system where RstB is the cognate histidine kinase (66) . The rstAB genes are under the transcriptional control of a second twocomponent system, PhoPQ, which is involved in magnesium homeostasis (44) . The RstAB regulon has not currently been well defined, although a genomic approach has identified two promoters that are bound by RstA, one of which was that for csgD (53) . Interestingly, CsgD regulates the curli biosynthetic operon that includes ymdA and ymdB (8) , which were also found to be multicopy suppressors for the yjeE depletion strain. However, these genes in multicopy did not suppress the lethality associated with yeaZ or ygjD depletion, and therefore, it is likely that other genes controlled by RstA are also important to rescue growth in the absence of YeaZ and YgjD. Clearly, further definition of the RstAB regulon will be required to understand the basis of the suppression seen here.
To summarize, the work described in this study is the first to link the three essential E. coli proteins YjeE, YeaZ, and YgjD to the same essential cellular process. Our evidence indicates that the major, if not only roles, of YjeE and YeaZ are to regulate the activity of YgjD, most probably via proteolytic degradation. Our studies pave the way for a more complete study of the interaction between these three key proteins and the essential processes which they control.
